Abstract Age-related increase in frailty is accompanied by a fundamental shift in cellular iron homeostasis. By promoting oxidative stress, the intracellular accumulation of non-heme iron outside of binding complexes contributes to chronic inflammation and interferes with normal brain metabolism. In the absence of direct non-invasive biomarkers of brain oxidative stress, iron accumulation estimated in vivo may serve as its proxy indicator. Hence, developing reliable in vivo measurements of brain iron content via magnetic resonance imaging (MRI) is of significant interest in human neuroscience. To date, by estimating brain iron content through various MRI methods, significant age differences and age-related increases in iron content of the basal ganglia have been revealed across multiple samples. Less consistent are the findings that pertain to the relationship between elevated brain iron content and systemic indices of vascular and metabolic dysfunction. Only a handful of cross-sectional investigations have linked high iron content in various brain regions and poor performance on assorted cognitive tests. The even fewer longitudinal studies indicate that iron accumulation may precede shrinkage of the basal ganglia and thus predict poor maintenance of cognitive functions. This rapidly developing field will benefit from introduction of higher-field MRI scanners, improvement in iron-sensitive and -specific acquisition sequences and post-processing analytic and computational methods, as well as accumulation of data from long-term longitudinal investigations. This review describes the potential advantages and promises of MRI-based assessment of brain iron, summarizes recent findings and highlights the limitations of the current methodology.
Progressive declines in brain health and cognitive function are common in human aging, with the pace of change varying across brain regions and among individuals (Kemper 1994; Raz and Kennedy 2009; Fjell et al. 2014) . Multiple factors shape the trajectory of brain change across the lifespan, but unlike development that follows a largely programmed albeit modifiable course (Stiles and Jernigan 2010) , aging is unlikely to reflect the unfolding of a grand plan and appears more as a sum of overlapping time-dependent processes and influences that shape the fate of older organisms (Kirkwood et al. 2005) . The story of brain change and its eventual demise is not acted out by a few stars but is rather narrated by many influential supporting actors. Because the brain cannot be isolated from the rest of the organism, these influences reflect changes in the basic molecular, cellular and physiological processes across virtually all organs and systems. Although the precise roster of the factors determining brain aging is yet to be completed, it is clear that fundamental energetic processes within the mitochondria deteriorate with advancing age (Boumezbeur et al. 2010) , and that this deterioration is promoted by aggregate action of reactive oxygen species (ROS, Dröge and Schipper 2007) , chronic neuroinflammation (Finch and Crimmins 2004; Finch et al. 1969; Grammas 2011) , and other contributors to a general age-related increase in frailty (Rockwood et al. 2004) . The precursors of age-related frailty stem from manifold biochemical and physiological factors, yet they have at least one thing in common: their association with the action, flow and accumulation of iron.
Brain Iron: Presentation and Metabolism
Iron plays a paradoxical role in aging (see schematic presentation in Fig. 1 ). On the one hand, it is a vital contributor to many aspects of normal brain functions-including synthesis of the brain's main energetic currency, adenosine triphosphate (ATP) in mitochondria (Mills et al. 2010) , as well as the brain's main material substrate of information processing, myelin (Todorich et al. 2009 ). On the other hand, iron is a very active oxidizer, and its excessive accumulation promotes neurodegeneration by triggering inflammation (Haider et al. 2014 ) and oxidative stress (Zecca et al. 2004; Mills et al. 2010) . The mammalian brain is particularly vulnerable to iron-induced oxidative damage because of the abundance of molecular oxygen, excess ROS, presence of oxidizable neurotransmitters such as dopamine (Youdim and Yehuda 2000) , and poor antioxidant defenses (Schipper 2012) .
In all vertebrates, iron appears in two distinct forms: heme and non-heme. Heme iron, the ferrous core of the hemoglobin molecule, is essential for binding oxygen and ferrying it around the circulatory system. Deoxygenation of hemoglobin exposes heme iron, thus inducing magnetic field inhomogeneity (Pauling and Coryell 1936) that underlies the Blood Oxygen Level-Dependent (BOLD) effect-a fundamental phenomenon of functional magnetic resonance imaging Hare et al. (2013) ; Sohal and Orr (2012) ; Mills et al. (2010) ; Zecca et al. (2004) . OH − , reactive oxygen species (ROS) that induce oxidative stress (fMRI, Ogawa et al. 1990) . In contrast to heme iron, which is exclusively linked to circulating or accumulating blood, nonheme iron is present in virtually all cells and is a critical contributor to many vital processes, including ATP synthesis and DNA replication (Mills et al. 2010; Ward et al. 2014) .
Although non-heme iron is necessary for normal cellular function, its accumulation outside of binding complexes, such as ferritin (responsible for iron sequestration) or transferrin (a means of iron transport), instigates proliferation of ROS and becomes an agent of oxidative stress (Halliwell 1992; Mills et al. 2010; Moos and Morgan 2004; Ward et al. 2014 ). Lowlevel oxidative stress is a by-product of normal metabolic activity (Sohal and Orr 2012) , which, in a healthy cell, is minimized through rate-limited metabolism and further curtailed by endogenous anti-oxidants (Halliwell 1992; Mills et al. 2010) . Accumulation of unbound non-heme iron upsets that equilibrium and accelerates the rate of oxidative stress that enhances degradation of macromolecular cell components, perforates cell and mitochondrial membranes, impedes mitochondrial activity, promotes DNA mutations, and accelerates the rate of apoptosis (Halliwell 1992; Mills et al. 2010; Hare et al. 2013; Ward et al. 2014; Granold et al. 2015) . Through a separate but related mechanism, iron-catalyzed oxidative stress also increases pro-inflammatory cytokines, initiating the propagating cycle of neuroinflammation (Williams et al. 2012 ) that has been implicated in neurodegeneration (Xu et al. 2012; see Ward et al. 2014 for a review). Non-heme iron accumulation induces a vicious cycle: responding to oxidative stress and disrupted metabolism, mitochondria increase unbound non-heme iron concentration to sustain ATP generation, thereby further accelerating oxidative stress and thus ensuring their own and the host cell's demise through eventual apoptosis. In a seminal paper that inspired decades of experimental work, Harman (1956) proposed iron-catalyzed oxidative stress as a mechanism of tissue degeneration that characterizes aging and diseases related to itthe free-radical theory of aging.
Because of its role in ROS promotion, accumulation of non-heme iron in brain tissue may serve as an indirect marker or proxy of oxidative stress. The focus here is on non-heme iron because, although degraded hemoglobin in the form of hemosiderin can be present in cerebral hematomas or microbleeds (CMB) and can act as focal oxidative stress agents, the incidence of these phenomena in normal aging defined by the absence of age-associated neurological, endocrine, cerebrovascular or cardiovascular diseases is low and are often asymptomatic (Janaway et al. 2014; Yates et al. 2014a, b; see Loitfelder et al. 2012 and Yates et al. 2014a , b for reviews). In comparison, accumulation of non-heme iron localized preferentially in certain organ systems appears to be a typical aspect of aging (Lauffer 1992; Daugherty and Raz 2013) , and the rate of accumulation may be accelerated in age-related neurodegenerative disease (Hare et al. 2013; Schipper 2012; Ward et al. 2014 Ward et al. , 2015 Zecca et al. 2004) . Thus, in this review, we will focus almost exclusively on the effects of non-heme iron on the aging brain and cognition, while acknowledging possible contributions of local heme iron foci in less-than-optimal cases of cerebrovascular disease.
Non-Heme Iron in the Brain
The concentration of non-heme iron in the brain is greater than in any organ system except the liver (Hallgren and Sourander 1958; Lauffer 1992) , possibly reflecting its role in energyintensive processes such as neurotransmission (Youdim and Yehuda 2000; Berg et al. 2007; see Bäckman et al. 2006) , and myelin production and maintenance (Bartzokis 2011) . Further, the distribution of non-heme iron varies across brain regions, showing a peculiar predilection for the circuits associated mainly with the domain of movement. In healthy individuals, the largest concentrations estimated from postmortem staining are in the basal ganglia (Thomas et al. 1993; Brass et al. 2006) , with the globus pallidus having the largest concentrations at any age (Hallgren and Sourander 1958) . The red nucleus and substantia nigra also have relatively large amounts of iron, although not as much as the basal ganglia, with even smaller iron content observed in other subcortical nuclei, such as the thalamus. Cortical gray matter has less non-heme iron compared with the subcortical gray, and white matter has the least amount of iron in the brain (Thomas et al. 1993; Brass et al. 2006; Hallgren and Sourander 1958) , although the precursors of the myelinated layer, oligodendrocytes, contain significant amounts of nonheme iron (Todorich et al. 2009; Bartzokis 2011 ).
Estimating Brain Iron Content In Vivo
The advent of magnetic resonance imaging (MRI) techniques suitable for the in vivo estimation of brain iron content has highlighted the use of iron as a possible biomarker of neural and cognitive decline (Ward et al. 2014; Schenck and Zimmerman 2004) . To appraise this rapidly developing branch of cognitive neuroscience of aging, we review various MRI methods (see Fig. 2 below) and current recommendations for estimating brain iron content in vivo. We summarize the MRI evidence for brain iron as a putative biomarker of metabolic dysfunction and cognitive change.
Prominent paramagnetic properties of iron make MRI a promising method for in vivo evaluation of its content in brain tissue, in which variations of iron abundance create measurable differences in local magnetic susceptibility (Haacke et al. 2005) . Paramagnetic materials have a high magnetic susceptibility and therefore, a relatively long transverse relaxation rate (R2) or short relaxation time constant, T2 (=1/R2). Thus, iron-rich regions appear hypointense on T2-weighted images, and R2 prolongation corresponds to greater iron content in several structures, including the basal ganglia (Dhenain et al. 1998; Siemonsen et al. 2008) . Longer R2, however, can also be related to lower water content of the parenchyma (Haacke et al. 2005) , a fact that diminishes the validity of R2 as an index of iron content, especially in injured tissue.
The field-dependent R2 increase (FDRI) method capitalizes on a strong linear association of R2* and R2 values with the strength of the external field (Bartzokis et al. 1993; Yao et al. 2009 ). In FDRI, images are acquired with equivalent sequence parameters (i.e., echo times, flip angle, etc.) backto-back in scanners with two different field strengths (e.g., 0.5 and 1.5 T). Estimates of iron content are generated from the mathematical difference in R2 measured at the two different field strengths. The iron content estimates produced by the FDRI method are believed to be unaffected by myelin (Bartzokis et al. 1999; Pfefferbaum et al. 2009) , the presence of which threatens the validity of iron estimates via R2* relaxometry (Haacke et al. 2005; Glasser and Van Essen 2011) . They do, however, share the sensitivity to tissue hydration with the estimates produced by R2 relaxometry. FDRI estimates have been validated with in vitro phantom study (Bartzokis et al. 1993) , but it remains the least commonly used method, likely due to the challenging requirement of imaging without delay in two scanners of different field strengths. Whereas all iron imaging methods exploit the dependence of susceptibility effects on external field strength, only FDRI relies on the difference in relaxation rate between two field Fig. 2 Example MR images for healthy young, middle-aged, and older adults; a similar mid-brain slice was chosen for each person to showcase the basal ganglia structures that have large concentrations of iron (an arrow points to the globus pallidus, a region with the greatest iron content in the brain across all ages). On T2*-weighted images, iron appears hypointense (dark intensity values). The high-pass filtered phase and quantitative susceptibility mapping (QSM) images were inverted so that iron also corresponds to hypointensity. All images were collected in a 3 Tesla scanner. The anatomical reference magnitude image (0.5×0.5 mm in plane; echo time=5.68 ms) has similar alignment as the other images, although phase may not correspond identically due to its non-local nature.
The T2* images were calculated from an 11 echo SWI sequence (0.5× 0.5 mm in plane; echo times=5.68 -31.38 ms; similar processing procedure as with no additional filtering, and the phase images from one of the SWI echoes collected for T2* (0.5×0.5 mm in plane; echo time = 15.96 ms) applying a high-pass filter (64 × 64, Hanning). The QSM image (0.5×0.5 mm in plane) was calculated from a field variation map obtained through a pixel-wise least squares fitting of the first 10 echoes of the T2* sequence via a catalytic multiecho phase unwrapping scheme (CAMPUS, see Feng et al. 2013 for method details). Abbreviation: SWI susceptibility weighted imaging strengths for its estimation. In practice, imaging parameters are optimized for detection of iron-related susceptibility in the employed field strength. Although stronger magnetic fields can more easily accommodate higher resolution, which will improve accuracy of localized iron estimates, several studies have validated estimates via different methods at low fields (e.g., 0.5 and 1.5 T, Bartzokis et al. 1993; Thomas et al. 1993 ).
An additional index of local iron content, R2' (=1/T2'), has been proposed instead of R2 as a more sensitive measure for estimating parenchymal iron (Ordidge et al. 1994; Haacke et al. 2005, review) . Because differences in R2' reflect variation in phase of the signal, the index is more specifically associated with the presence and concentration of iron, and allows distinguishing between highly paramagnetic iron and diamagnetic calcium, which can be also found in the basal ganglia (Cohen et al. 1980) . However, R2' is a relatively small quantity that is difficult to measure, particularly in the presence of multiple sources of field inhomogeneity.
A frequently used index of brain iron is R2* (=1/T2*), which is a sum of relaxation due to spin-spin interaction (R2) and local susceptibility effects (R2'). By aggregating the two effects, R2* accounts for susceptibility differences that are otherwise difficult to estimate independently. To obtain valid R2* estimates, the general relaxation component must be calculated from multiple echo times, which is commonly accomplished with spin echo (SE) or gradient-recalled echo (GRE) sequences. The latter is an example of susceptibility weighted imaging (SWI), for which several ironimaging tools have been created. Although, in principle, two echoes suffice for calculating R2*, more echoes are preferred for a more precise estimation of the exponential decay function and improving signal-to-noise ratio. Additional considerations, such as R2* sensitivity to background field inhomogeneity that is unrelated to iron concentration, must also be kept in mind. This residual error can be minimized by sampling multiple echoes with extended echo times, and with postacquisition filtering. Additional thresholding to eliminate artifact intensity values from the regional estimates of normal tissue is an alternative practice (e.g., ). An increasingly popular neuroimaging method for the study of iron, R2* produces estimates of age differences in regional iron content that are similar to those generated by FDRI and R2 (Daugherty and Raz 2013) , and correlate highly with susceptibility measures (Yao et al. 2009 ).
Whereas R2 measures transverse relaxation rate, precession in the transverse plane results in signal difference proportional to the particle's magnetic susceptibility that is reflected in phase maps produced by SWI sequences (Haacke et al. 2005) . Phase shift is more sensitive to differences in susceptibility than R2* estimates are, is easier to measure than R2', is proportional to iron concentration and is highly correlated with published postmortem values (Ogg et al. 1999; Haacke et al. 2005) . Although phase can be affected by blood flow, this confound is minimized with high resolution imaging that allows manual exclusion of vascular objects including small veins (Haacke et al. 2005) . Like R2' relaxometry, phase imaging can distinguish paramagnetic iron from diamagnetic calcium, which are immediately discernible by intensity values at opposite ends of the scale. However, unlike R2', susceptibility-induced phase shifts are relatively large and therefore phase imaging may be more sensitive to even subtle differences in iron content. Thanks to these properties, SWI phase sequences are well-suited for detecting and measuring cerebral microbleeds (Nandigam et al. 2009 ), which can be observed in the brains of persons with high burden of vascular risk. Phase maps can be calculated from single echo SWI sequences, and choosing an echo time between T2* and T2*/2 can improve signal-to-noise ratio while optimizing sensitivity to iron . For many imaging protocols, this corresponds to approximately 13-16 ms on 3 and 4 T scanners (see Haacke et al. 2015 for a review), and if a multiecho SWI sequence is designed to include an echo within this time range, iron content can be estimated via R2* and phase from the same sequence. The relationship between R2* and phase remains, however, unclear, with widely disparate correlation values across brain regions, ranging from r=−.72 in the caudate and r=−.11 in the globus pallidus (Yan et al. 2012) .
Because calculation of phase shift requires only a single echo, this method of iron imaging may be the most timeefficient for acquisition. Nonetheless, phase analysis may require substantial post-acquisition processing as the data must be read, vetted and screened for artifacts (e.g., aliasing; Haacke et al. 2010 ). The detectable shift in phase precession is limited by −180 and 180° (Haacke et al. 2010) . If concentration of iron is sufficiently large to cause phase shift greater than 180°, the intensity value will Bwrap^to the opposite scale extreme, thereby biasing against the detection of iron, and suggesting the presence of diamagnetic minerals (e.g., calcium). Normal variability during aging in regions with high iron content, such as the basal ganglia, appears to be prone to aliasing artifact . Many research groups publicly distribute software (e.g., SPIN: http://www.mrc. wayne.edu/download.htm; last accessed 3/23/2015; or MEDI Toolbox for MATLAB: http://weill.cornell.edu/mri/ pages/qsm.html; last accessed 3/23/2015) that is designed specifically to process SWI phase data and include postacquisition filtering and anti-aliasing protocols.
In spite of its advantages outlined above, phase-based estimation of iron content has a unique limitation: susceptibility measures are non-local. To improve the validity of regionspecific measurements, additional post-processing has been proposed to remove non-local effects from phase differences (Haacke et al. 2010; Bilgic et al. 2012) . This approach to phase processing has been termed quantitative susceptibility mapping (QSM; e.g., Bilgic et al. 2012) or susceptibility weighted imaging and mapping (SWIM; Haacke et al. 2010) . QSM has been validated against postmortem assay (Langkammer et al. 2012a, b; Sun et al. 2015) , and is a promising method for in vivo estimates of iron content on highresolution images with an improved signal-to-noise ratio. Due to its specificity to local susceptibility, QSM may yields more precise estimates of iron content than R2* or traditional phase imaging do (Deistung et al. 2013 ). Age differences in QSM estimates of subcortical iron were larger than those from FDRI (Bilgic et al. 2012; Poynton et al. 2015) , which may indicate improved sensitivity to iron-induced susceptibility as compared with relaxometry.
Across laboratories, QSM and SWIM protocols share the same four basic processing steps (see Haacke et al. 2015 for reviews). First, phase is reconstructed from multi-channel phase-arrayed coils, with an option of initial filtering for background field inhomogeneity. Second, phase is unwrapped via spatial (for single-echo sequences) or temporal (for multi-echo sequences) algorithms that address the common aliasing artifact. Third, a brain mask is generated, which expedites the fourth step-complete removal of background field inhomogeneity and reorientation of local susceptibility. Research groups, however, vary widely in the types of filters; algorithm parameterization for phase reconstruction, aliasing and correction of field inhomogeneity; and automated brain extraction procedures (e.g., Haacke et al. 2010; Bilgic et al. 2012; Liu et al. 2011; Barbosa et al. 2015; Khabipova et al. 2015; Langkammer et al. 2015; Li et al. 2015; Lim et al. 2014; Schwesser et al. 2012; Yablonskiy and Sukstanskii 2015; Poynton et al., 2015; Feng et al. 2013 ), all of which can affect the estimates of iron content. Because of the relative novelty of these methods and the diversity of the very recent developments in QSM, there are few publications that directly compare among them (e.g., Schwesser et al. 2011; Barbosa et al. 2015; Khabipova et al. 2015; see Wang and Haacke et al. 2015 for reviews), or evaluate sensitivity and specificity of each method and their comparative advantages for the study of iron in aging and neurodegenerative disease.
What Form of Iron Does MRI Measure? Histological study suggests that ferritin and hemosiderin are the only paramagnetic materials of sufficient concentration to affect MR signal from brain tissue (Schenck 1995) . As about 90 % of brain non-hem iron is normally bound to ferritin (Morris et al. 1992) , concentrations of transferrin-and non-transferrinbound iron and of soluble iron particles are too small to affect MR signal (Haacke et al. 2005) . Other endogenous paramagnetic materials (e.g., copper and manganese) are also considered to be at insufficient concentrations in healthy individuals to affect the MRI signal (Dexter et al. 1992; Haacke et al. 2005) . Therefore, MRI methods focus on the greatest localized source of non-heme iron-ferritin, which sequesters iron particles and does not directly contribute to oxidative stress. Thus, the available imaging tools cannot directly measure unbound iron that drives ROS production and thereby cannot directly test the hypothesized role of oxidative stress in brain aging.
Nonetheless, increase in ferritin-bound iron inferred from MRI is an indirect index of relative increase in soluble iron. Blood serum measures of ferritin and soluble iron are tightly yoked (Morita et al. 1981) , and kinetic modeling of in vitro tissue culture demonstrates a linear dependence between ferritin-bound concentration and unbound non-heme iron (Salgado et al. 2010) . Validation studies of iron-sensitive imaging sequences with postmortem staining for iron confirms the detection of susceptibility related to non-heme iron particles (e.g., Antonini et al. 1993; Vymazal et al. 1995; Thomas et al. 1993; Bartzokis et al. 1994) . Finally, correlations between in vivo estimates of iron content and other indices of neurodegeneration in aging and disease (e.g., Bartzokis 2011; Ulla et al. 2013; Walsh et al. 2014 ) are in accord with postmortem histology findings (e.g., Hallgren and Sourander 1958; Hallervorden and Spatz 1922; Dexter et al. 1992; Hossein Sadrzadeh and Saffari 2004) and can be theoretically attributed to unbound non-heme iron that is an oxidizing agent, rather than the neutralized concentration sequestered in ferritin (see Mills et al. 2010; Ward et al. 2014 for reviews). Therefore, in vivo measure of iron content, even if primarily determined by ferritin-bound concentrations, is a plausible biomarker of metabolic dysfunction and oxidative stress (Schenck and Zimmerman 2004) .
Myelin Biases In Vivo Estimates of Iron Although the reviewed imaging methods capitalize on the magnetic susceptibility of iron, they do not yield specific measures of iron content. Among several properties of brain tissue that contribute to differences in susceptibility, one of the most influential is myelin Liu et al. 2011; Lodygensky et al. 2012; Langkammer et al. 2012a, b) . Thus, confounding effects of myelin and iron on MRI signal poses the greatest threat to validity of in vivo estimates of iron content. Presence of myelin inflates the estimates of iron content that are derived from R2* (Glasser and Van Essen 2011; Haacke et al. 2005) , phase and QSM/SWIM (Bilgic et al. 2012; Deistung et al. 2013; Langkammer et al. 2012a, b; Wisnieff et al. 2014 ) and the bias is understandably the strongest in myelin-rich regions. In addition, phase values of cerebral white matter can be affected by fiber orientation within each voxel with respect to the main magnetic field (B0; Lee et al. 2010; Schafer et al. 2009; Duyn et al. 2007 ). In comparison, R2 and FDRI are considered to be robust against this particular source of bias but have their own problematic aspects, such as sensitivity to the influence of interstitial fluid (Bilgic et al. 2012; Pfefferbaum et al. 2009 ). Indeed, relative decrease in R2 (e.g., House et al. 2006) or phase shift (e.g., Liu et al. 2011) in the white matter are often interpreted as evidence of breached myelin integrity rather than lesser iron content. Whereas in regions with a relatively low myelin content and few myelinated fibers, such as the basal ganglia, this bias may be small or negligible (Daugherty and Raz 2013) , the validity of iron estimates via relaxometry and phase shift in deep white matter may be significantly compromised. Although increase in unbound iron content in oligodendrocytes has been proposed as a mechanism of demyelination in normal aging and neurodegenerative disease (Todorich et al. 2009; Bartzokis 2011) , current neuroimaging methods cannot test these hypotheses without substantial confounds (also see Pfefferbaum et al. 2010 ). In any case, whereas oligodendrocytes are indeed the main repository of iron in the brain and determine normal levels of iron measured in the brain, agerelated increase in iron content of the basal ganglia is apparently driven mainly by its accumulation in the astrocytes (Connor et al. 1990 ).
Common Limitations of In Vivo Iron Estimation Methods
Independent of method, all in vivo measures of iron have common limitations. For instance, none can readily distinguish between heme and non-heme iron sources, and in vivo measures of the two sources may be highly correlated (Anderson et al. 2005) . Although this confound can be minimized by using SE instead of GRE sequences (Yamada et al. 2002) , in vivo methods underestimate iron quantities due to low spatial resolution relative to particle size and the necessary filtering aimed to minimize confounding field inhomogeneity. The lower the resolution, the more palpable is the confounding. These methods, like postmortem measures, can detect and approximate differences in relative iron content but cannot quantify absolute concentration. The proposed use of phase shifts and iron concentration values reported in the postmortem literature for deriving a conversion value to quantify iron concentration in vivo (Haacke et al. 2005 is limited by the lack of a standardized conversion factor that is independent of MRI acquisition parameters. Finally, susceptibilityinduced differences in intensity contrast can bias segmentation of regional areas on these images (Lorio et al. 2014) , which should be considered in developing measurement protocols for iron estimation or volumetry.
Estimates of regional iron content vary widely across studies, even when the same method of estimation is employed (see Haacke et al. 2005 ; Daugherty and Raz 2013 for reviews). However, on a gross anatomical level, the rank-order of in vivo estimates of regional differences in iron content is similar to that from postmortem studies (e.g., Hallgren and Sourander 1958) . As a rule, the globus pallidus and putamen have the highest iron content corresponding to the shortest T2 values (median T2=60 ms and 69 ms, respectively) compared with the caudate nucleus (median T2=77 ms) and cortical gray (median T2=75 ms) and white (median T2=73 ms) matter (Haacke et al. 2005) . Despite the listed limitations (Gomori and Grossman 1993; Schenck 1995; Schenker et al. 1993; Vymazal et al. 1995) , in vivo measures have been validated against postmortem data across several brain regions and in phantom studies (Antonini et al. 1993; Bizzi et al. 1990; Vymazal et al. 1995; Péran et al. 2009; Pujol et al. 1992; Brass et al. 2006; Thomas et al. 1993; Bartzokis et al. 1994; Pfefferbaum et al. 2009; Bilgic et al. 2012 ).
Age-Related Differences in Iron Content Estimated In Vivo
MRI studies have largely replicated the regional differences in iron content reported in postmortem investigations, and have expanded the results of age differences therein. The striatal nuclei have relatively large concentrations of iron beginning in early life (Hallgren and Sourander 1958; Thomas et al. 1993; Aquino et al. 2009 ), and the adult age differences in these regions are greater than that in the red nucleus (Daugherty and Raz 2013) . In normal aging, cross-sectional age differences in the globus pallidus are relatively small, which may be due to the large amount of iron already present in this region beginning at a relatively early age . Moreover, based on a meta-analysis of 20 MRI studies of healthy aging that used various methods, the magnitude of age differences reported in the globus pallidus (d=0.61, 95 % CI: 0.50-0.72; Daugherty and Raz 2013) was very similar to the estimate reported by Hallgren and Sourander (1958) in a postmortem sample (d=0.62). In contrast, the average age difference in iron content estimated in vivo in the caudate (d=0.74; 95 % CI: 0.64/0.84) and putamen (d=0.88; 95 % CI: 0.77/0.98) were larger than in the postmortem study (caudate: d=0.45; putamen: d=0.41). Despite adult age-related increase in iron content in all subcortical nuclei, the globus pallidus still has the largest iron content in later life, followed by the neostriatum, red nucleus and substantia nigra (Daugherty and Raz 2013; Morris et al. 1992; Brass et al. 2006 ). Cross-sectional imaging studies also suggest a smaller, but significant, positive correlation between age and iron content in the thalamus and hippocampus, with small or negligible age differences in cortical gray (with exception of the motor cortex) and subcortical white matter (Thomas et al. 1993; Hirai et al. 1996; Brass et al. 2006; Rodrigue et al. 2012; Callaghan et al. 2014) .
Until recently, the age trajectories of change in regional brain iron in healthy adults were inferred exclusively from cross-sectional comparisons. Judging by research on aging of other aspects of the brain, cross-sectional evidence is unsuitable for understanding change, because longitudinal measures of change frequently diverge from cross-sectional predictions (e.g., Raz et al. 2005 Raz et al. , 2010 Pfefferbaum et al. 2014; Bender and Raz 2015) . Moreover, cross-sectional models aimed at gauging individual differences and evaluating the role of mediators in age-related associations between the brain and behavior cannot capture the dynamics of the aging process Maxwell and Cole 2007; Raz and Lindenberger 2011) . For example, in a 2-year longitudinal study of healthy adults spanning a broad age range, the striatum but not the hippocampus evidenced longitudinal increase in iron , in contrast to cross-sectional correlations between advanced age and greater iron in the latter region (Rodrigue et al. 2012) . Two-year increase in iron in the putamen and globus pallidus, but not the caudate, was reported in a sample of younger and middle-aged adults (Walsh et al. 2014) , whereas another small study of middleaged and older adults found no evidence for striatal iron increase (Ulla et al. 2013) . The pattern of longitudinal change may indicate that the rate of iron accumulation in the basal ganglia slows in later life (also see Hallgren and Sourander 1958) .
Critically, the age-related regional differences in iron content cannot be explained by dietary iron intake (Beard et al. 2005) and are instead believed to reflect a fundamental shift in iron homeostasis, either at the blood brain barrier (BBB) or inside the cell (see Ward et al. 2014; Mills et al. 2010; Burdo and Connor 2003 for reviews) . Disruption of binding complexes expressed at the BBB and in the cell during metabolism, decreased rate of ferritin sequestration, or increased rate of cellular uptake may occur in aging following mitochondrial dysfunction (Hare et al. 2013; Ward et al. 2014; Zecca et al. 2004) or a shift in the relative trans-membrane concentration gradient (see Singh et al. 2009 ). The causes for such changes are unclear, but are likely diverse and interactive.
In addition to gauging age-related change in regional iron content, longitudinal studies allow for evaluating the role of iron accumulation in the age-related change in other indicators of brain health and function. In a longitudinal study of an adult lifespan sample of healthy volunteers, greater iron content in the striatum predicted greater shrinkage of these regions after 2 years , a finding that was replicated in an independent sample of older adults with multiple measurements spanning 7 years (Daugherty 2014; . These two studies provide the first longitudinal evidence of a role of iron accumulation in structural brain aging, which had been suggested by cross-sectional correlations (e.g., Cherubini et al. 2009; Rodrigue et al. 2012 ). In addition, these longitudinal studies explicitly tested the hypothesis that the detected increase in iron stems from a relative shift in concentration due to regional brain shrinkage. Indeed, iron accumulation preceded shrinkage and greater baseline iron predicted greater shrinkage up to 7 years later, whereas the reverse proposition stating that smaller baseline volumes predict greater iron accumulation was not supported Daugherty 2014; . Taken together, brain iron content may be a meaningful biomarker of impending decline in normal aging and disease (Walsh et al. 2014 ). However, significant individual differences in age-related changes in iron content, their contribution to cognitive declines and the assortment of factors that shape individual trajectories of change remain to be elucidated.
Modifiers of Age-Related Differences in Non-Heme Iron Content
Several risk factors, age-related and independent of age, have been proposed to explain individual differences in regional iron content. Genetic predisposition for decreased expression of iron-binding proteins is an example of the latter. A decreased binding rate to ferritin or transferrin is associated with an increased rate of iron-catalyzed oxidative stress that is observed in disease, such as hemochromatosis (Jahanshad et al. 2013) , and mutations in the human hemochromatosis protein gene (HFE) and in a gene that encodes for transferrin (TF) have been implicated in diseases characterized by abnormally high iron content (Jahanshad et al. 2013; Nandar and Connor 2011) . The common variants of HFE gene, H63D and C282Y, increase iron absorption by altering membrane expression of HFE protein that regulate binding affinity of the transferrin receptor (Lehmann et al. 2006; Nandar and Connor 2011) . Each variant potentially increases risk for iron accumulation, in a dose-related fashion (Lehmann et al. 2006; Nandar and Connor 2011) . The P589S polymorphism of the TF gene may also increase risk for iron accumulation by altering transferrin expression (Bartzokis et al. 2010) . To date, only a single study of healthy men linked elevated genetic risk for increased brain iron load with cognitive deficits (Bartzokis et al. 2010) . Therefore, genetic predisposition to less efficient iron sequestration and decreased efflux of excess iron may explain some of the individual differences in the rate of iron accumulation in normal aging.
In addition to genetic risk for inefficient binding of nonheme iron, inflammatory, metabolic and cardiovascular risk factors may act as age-related modifiers of individual differences in neural health (Franklin et al. 1997; Grundy et al. 2005; Finch and Morgan 2007) , including iron accumulation. Iron-related oxidative stress promotes release of proinflammatory cytokines that trigger a cascade of neuroinflammation that culminates in apoptosis (Zecca et al. 2004) . Either genetic or phenotypic risk factors for inflammation have been proposed to explain individual differences in iron accumulation (Zecca et al. 2004) . In vitro studies and animal models provide a wealth of evidence for the mutual influence of iron homeostasis and inflammation (see Wessling-Resnick 2010; Urrutia et al. 2014 for reviews). Nonetheless, the direct tests of the association between brain iron and inflammatory markers in humans are rare. In a longitudinal study of healthy older adults, subclinical elevations in circulating blood serum markers of inflammation were unrelated to individual differences in the rate of subcortical iron accumulation over 7 years (Daugherty 2014; . It is unclear if the lack of effect was due to the sample selection for optimal health, or if more sensitive biomarkers may better detect variability in normal aging. In rheumatic disease, characterized by chronic inflammation, patients often present with increased non-heme iron content, and reducing iron stores may bring some symptomatic relief (see Baker and Ghio 2009 for a review) . To the best of our knowledge, at the time of this writing, there are no studies of genetic inflammatory risk on brain iron content.
Cardiovascular and metabolic risk factors: hypertension, elevated fasting blood glucose, elevated low-density lipoprotein (Bbad^cholesterol), low high-density lipoprotein (Bgoodĉ holesterol), high total triglycerides, and high body mass index-a constellation of symptoms termed metabolic syndrome (Grundy et al. 2005) -are related to inflammation. Elevations in one or more of these factors have been linked to greater brain iron content. Adults with uncomplicated arterial hypertension have greater subcortical iron content as compared with normotensive counterparts (Raz et al. 2007; Rodrigue et al. 2011 ; also see Berry et al. 2001) , and obese persons have more than their non-obese counterparts do (Blasco et al. 2014) . In a longitudinal study, subclinical elevations in a compound index of metabolic syndrome risk predicted greater iron content in the putamen, but not in the caudate or hippocampus . The mechanisms explaining the association between cardiovascular health and regional brain iron accumulation are unclear. They may plausibly reflect reduced cerebral blood flow (Grundy et al. 2005 ) that would slow the delivery of ironbinding complexes to the brain (Hare et al. 2013) . Global decrease in cerebral blood flow may also decrease the function of the brain vascular endothelium in regulating iron uptake and clearance at the BBB (Deane et al. 2004 ).
Brain Iron and Cognitive Performance
Although description of the age-related dynamics of nonheme iron accumulation is important, a crucial question is whether increase in iron content has significant cognitive consequences. Given the role of excessive unbound iron in induction of mitochondrial dysfunction, energetic decline and oxidative stress, its accumulation is likely to have detrimental cognitive consequences. In extant crosssectional studies in healthy adults, greater iron content in subcortical structures was associated with poorer memory performance Rodrigue et al. 2012; Ghadery et al. 2015) , lower general cognitive aptitude (Penke et al. 2012) , mental slowing (Pujol et al. 1992; Sullivan et al. 2009 ), and poorer cognitive and motor control (Adamo et al. 2014) . Greater iron content and small hippocampal volume conjointly contributed to cross-sectional age differences in memory (Rodrigue et al. 2012 ). Unfortunately, cross-sectional mediation models of agerelated change have limited validity (Maxwell and Cole 2007; Lindenberger et al. 2011) and to date, understanding the role of iron in cognitive declines has been hampered by the dearth of longitudinal studies. A sole longitudinal study that examined 2-year changes in iron content and cognition failed to confirm the role of hippocampal iron accumulation in cognitive performance, while using a similar population and methods as the original investigation (Rodrigue et al. 2012) . In that longitudinal study, greater iron content in the caudate nucleus estimated from R2* predicted lesser repeated-testing gains in verbal working memory after 2 years, while no association between individual differences in hippocampal iron content and change in memory were observed . In the same adult lifespan sample, greater iron content in the caudate, but not the hippocampus, accounted for lesser repeated-testing gains in spatial navigation in a virtual Morris water maze task (Daugherty 2014) . See Table 1 for a summary of published studies of cognitive correlates to in vivo estimates of iron content in healthy aging.
Iron accumulation can be a harbinger of neural and cognitive declines that typify aging, and it can affect global brain health and function through several interdependent effects: promotion of inflammation and apoptosis, interruption of metabolic function and neurotransmission, and demyelination. These iron-related changes are plausible mechanisms of aging that warrant additional attention.
Brain Iron in Neurodegenerative Disorders
Age is a major risk factor for neurodegenerative diseases (Reeve et al. 2014) , and the observed age-related increase in brain iron content in conjunction with other risk factors, such as neuroinflammation and metabolic dysfunction, make iron a potential biomarker for Alzheimer's and Parkinson's diseases. Indeed, abnormally high brain iron content is found in several neurodegenerative diseases (see Ward et al. 2015; Zecca et al. 2004; Langkammer et al. 2014 for reviews). A whole class of diseases termed neurodegeneration with brain iron accumulation (NBIA), for example, are exclusively diagnosed by abnormal high concentrations, typically in the basal ganglia and many with psychomotor symptoms beginning in earlier life (Schipper 2012; Gregory and Hayflick 2014) . Other irondependent diseases, such as hematic encephalopathy associated with cirrhosis of the liver, also present with abnormal brain iron content and associated cognitive deficits (Liu et al. 2013; Xia et al. 2015) .
The role of iron in more common neurodegenerative disease is less clear. Elevated concentrations of brain iron have also been observed in Parkinson's disease (PD; Antonini et al. 1993; Gorell et al. 1995; Ulla et al. 2013; Kosta et al. 2006; Kienzel et al. 1995 ), Alzheimer's disease (AD; Qin et al. 2011; Ding et al. 2009; Wang et al. 2014; Bartzokis et al. 2000 Bartzokis et al. , 2004 Quintana et al. 2006; Raven et al. 2013; Langkammer et al. 2014; Acosta-Cabronero et al. 2013) , and multiple sclerosis (Brass et al. 2006; Ceccarelli et al. 2009; Rudko et al. 2014; Walsh et al. 2014; Pinter et al. 2015; Khalil et al. 2015) . When, however, the totality of published evidence was evaluated by a meta-analysis, no significant differences between AD and normal aging were noted (Schrag et al. 2011) .
Nonetheless, within the disease groups, increased iron content in the brain may be associated with cognitive declines. For instance, in PD, greater iron content in the basal ganglia and substantia nigra correlates with severity of cognitive and motor impairment (Atasoy et al. 2004; Gorell et al. 1995) , as well as progressive increase in symptoms' severity (Ulla et al. 2013) . Greater regional iron deposition has also been associated with cognitive impairment in AD (Zhu et al. 2009; Ding et al. 2009; Qin et al. 2011; Luo et al. 2013; van Rooden et al. 2014) . Altered iron homeostasis may explain the pathology of iron in Lewy bodies in PD (Berg et al. 2007) , as well as tangles (House et al. 2004) , plaques (Quintana et al. 2006; Smith and Perry 1995) and amyloid burden (El Tannir El Tayara et al. 2006; Rival et al. 2009; Becerril-Ortega et al. 2014) in AD.
Thus, in absence of a significant difference between agematched controls and a disease group, iron may still be a marker of severity of cognitive deterioration within the diagnostic groups.
The reports of iron accumulation as a major feature of neurodegenerative conditions spurred the search for clinical therapy to alleviate iron-induced oxidative stress (Ward et al. 2015) . Due to the shared pathology, slowing the rate of iron accumulation or decreasing the concentration of ROS in the brain may be a highly desirable therapeutic target for many neurodegenerative diseases. To this end, several pharmaceutical interventions aimed at promoting iron chelation and antioxidant activity have been developed (Ward et al. 2015; Stankiewicz et al. 2007 ). Many of the proposed compounds, however, do not pass the BBB (Recalcati et al. 2010) , and evidence of their efficacy in humans is mixed (Ward et al. 2015; Stankiewicz et al. 2007) . Although in rodents, introducing anti-oxidant rich foods or restricting dietary iron may partially alleviate the behavioral consequences of iron accumulation, it remains unclear whether the intervention has an effect on concentrations of iron, endogenous anti-oxidants, or ROS (Cook and Yu 1998; Joseph et al. 1999 Joseph et al. , 2005 . Further, brain regions with normally large amounts of iron do not consistently show differences in response to dietary intervention (e.g., Erikson et al. 1997) . The failure to translate many of these therapies into human treatment may be in part due to discrepancies in relevant oxidative mechanisms and action sites between animal models and the human cerebrum, which was only recently demonstrated (Granold et al. 2015) . Together, this underscores the importance of continuing improvement in the in vivo methods of iron estimation and attention to individual differences in regional brain iron deposition. The role of iron accumulation as a possible biomarker of neurodegeneration makes developing clinical criteria for early detection of neurodegenerative diseases a useful undertaking. At this stage, however, designing such criteria and enabling normative judgment based on the brain iron content observed in vivo will require a truly normative, population-based study with a large representative sample and cross-validation with independent samples and multiple methods. Samples of convenience used in the reviewed studies cannot produce trustworthy norms.
Conclusions
Age-related disruption of iron homeostasis in the brain may be gauged via fast and reliable MRI methods. However, the utility of brain iron content estimated via MRI as a biomarker of metabolic dysfunction and its role in age-related cognitive declines remain to be demonstrated. The few longitudinal studies of healthy aging Daugherty 2014; and of neurodegenerative disease (Ulla et al. 2013; Walsh et al. 2014) suggest that regional brain iron accumulation partially accounts for neurodegeneration and related cognitive deficits. MRI holds great promise as a tool for evaluating accumulation of brain iron and examining its role in cognitive aging. Advancing towards this goal will require increase in resolution and signal-to-noise ratio of existing MRI protocols geared to evaluating brain iron, further developments in the post-processing methods, and accumulation of data from longitudinal studies conducted with attention to individual differences in brain iron homeostasis.
